The degradation kinetics of a non-phenolic lignin model compound with α-carbonyl functionality (adlerone) has been studied by varying temperature and concentrations of sodium hydroxide, sodium hydrogen sulfide, and sodium sulfite. The kinetics of adlerone degradation and formation of its reaction products were monitored by UV-Vis spectroscopy and their structures were analyzed by GC/MS. The two step degradation of adlerone was studied in two separate experimental setups. In the first alkali catalyzed step, adlerone is converted to a β-elimination product that reacts further in the second step with hydrogen sulfide or sulfite ion. The Arrhenius kinetic parameters were derived by the KinFit software. The activation energy for the 1 st step was 69.1 kJ mol -1
Introduction
The purpose of chemical pulping of lignocellulosic materials is lignin removal, in the course of which the fibers, bond by the lignin containing middle lamellae, are separated. The fibers become more flexible when the lignin in the secondary cell wall is also removed, and moreover, less bleaching chemicals are needed in case of an intensive delignification. By a proper selection of chemicals and the temperature program, the dissolution of lignin is maximized and the degradation of cellulose and hemicelluloses is minimized. The most commonly used chemical is NaOH alone (soda pulping) or with additives such as Na 2 S (kraft or sulfate pulping), polysulfide (PS pulping), or anthraquinone (soda-AQ pulping). Sulfite pulping can also be carried out under alkaline conditions.
The process kinetics are frequently studied on isolated wood polymers or on model compounds. The latter are useful for in-detail understanding of specific reactions routes. There is a large body of literature concerning the reactions of lignin and lignin model compounds in alkaline pulping (Miksche 1972; Gierer et al. 1973 Gierer et al. , 1977 Ljunggren 1979b, 1980; Gierer 1980 Gierer , 1985 Dimmel and Schuller 1986; Kondo et al. 1987; Criss et al. 1998; Dimmel and Gellerstedt 2010) . Well investigated is the cleavage of aryl glycerol-β-aryl ether linkages as the most abundant linkages between the aryl propane units (Sjöström 1981; McCarthy and Islam 1999) . The α-and γ-carbonyl groups in lignin enhance the cleavage of β-aryl ether bonds through several possible mechanisms, including direct nucleophilic substitution, neighboring nucleophilic displacement, electron transfer, and nucleophilic addition of a carbanion or another nucleophile to an α,β-unsaturated carbonyl compounds (Michael addition, nucleophilic displacement) (Miksche 1975; Gierer and Ljunggren 1980; Kondo et al. 1987) . This topic has been investigated earlier for soda and kraft pulping based on non-phenolic lignin model compounds with α-carbonyl functionality (Miksche 1975; Ljunggren 1979a, 1980) . Accordingly, nonphenolic lignin structures with α-carbonyl functionality are almost fully degradable with pulping chemicals even at low temperatures Ljunggren 1979b, 1980) . Although the most abundant non-phenolic lignin units are unreactive, their pre-oxidation is able to weaken the network structure of lignin. A possible treatment of lignin for changing its structure by introduction of α-carbonyl functionality aiming at reactivity enhancement was already investigated (Meister 2002; Barreca et al. 2003; Crestini et al. 2010) . Under alkaline sulfite pulping conditions, phenolic lignin with α-carbonyl functionality leads to extensive sulfitolytic cleavage of the alkyl aryl ether bonds (Gierer and Ljunggren 1979a) . Previous studies (Miksche 1975; Gierer and Ljunggren 1980) offer good knowledge on the reaction between NaOH and adlerone as a usual nonphenolic lignin model compound with α-carbonyl functionality. However, the kinetics of the secondary reactions in the presence of sodium sulfide (Na 2 S) and sodium sulfite (Na 2 SO 3 ) are, to the authors' knowledge, not available.
The targets of the present study are to verify the mechanism of the second reaction step and acquire experimental data on its kinetics in order to develop a pulping simulation model by the Flowbat software (Jakobson and Aittamaa 2015a) . The experimental setup consists of two steps. Adlerone will be first treated with NaOH and the formation of the β-elimination product will be followed. In the second step the reactions of the β-elimination product with Na 2 S and Na 2 SO 3 will be studied. The kinetics of the reactions steps will be followed by UV spectroscopy and the products formed will be analysed by GC/MS.
Materials and methods
The model compound adlerone (Figure 1 , structure 1) was synthesized according to Adler et al. (1952) with a purity of 99% and dissolved in 40% 1,4-dioxane (purchased from VWR International, France) in distiled H 2 O at 1 mM concentration. Stock solutions were prepared from the following analytical grade chemicals: NaOH (purchased from Merck KGaA, Darmstadt, Germany), Na 2 S (purchased from Alfa Aesar, Germany), and Na 2 SO 3 (purchased from VWR International, Belgium) in distiled water at 1 M concentration.
Treatment with nucleophiles: According to preliminary measurements, the primary and secondary reactions of adlerone with NaOH and Na 2 S or Na 2 SO 3 could not be distinguished, when both nucleophiles were present from the beginning. Thus, the experiments were conducted in two steps: first adlerone (1) was treated with NaOH and the β-elimination product 2b was formed with a minor amount of the formaldehyde elimination product 2a, then the solution of Na 2 S or Na 2 SO 3 was added to follow the kinetics of the 2 nd step (Figure 1 ). The initial concentration of adlerone was 0.05 mM in all experiments. The reaction time was varied depending on the other reaction conditions presented in Table 1 .
Experimental procedure: The reaction kinetics were followed with a UV-Vis spectrophotometer (Shimadzu UV 2550, Shimadzu Corp., Kyoto, Japan) between 250 and 400 nm. The temperature range was 25-65°C to be able to follow the rate constants precisely. The reaction mixtures were prepared in a normal quartz cuvette (total volume 3 ml, optical length 1 cm) through mixing of the stock solutions. The spectra of polysulfide and adlerone are overlapping and therefore the reaction rate constants were determined at 350 nm. This approach was published already (Gierer and Ljunggren 1980) . The absorptivity of 2b was obtained by measuring absorption at 350 nm. The baseline of the UV spectra was corrected, taking into account the absorption at 280 nm. The absorbance increments at 350 nm clearly correlated with the formation of 2b in presence of NaOH alone ( Figure 2a ). The relative standard deviation (%, RSD), calculated from parallel experiments, was 1.3%.
The conversion kinetics of adlerone to 2b ( Figure 1 ) could be observed by diluting the adlerone stock solution in the quartz cuvette with distiled water (sealed with a stopper) and kept in a thermostated sample holder for 2 min. The required amount of NaOH was then added and the spectrum was recorded between 250 and 400 nm at regular time intervals until the absorbance at 350 nm had reached its maximum value (Figure 2a ). When the formation of 2b was completed, the required amount of the solution of Na 2 S or Na 2 SO 3 was added. The spectra were collected until the absorbance at 350 nm was stable at its minimum value (Figures 2b and c) . The% RSD value between parallel experiments was found to be 1.7%.
Analysis of reaction products by GC/MS:
Some of the experiments were repeated in order to prepare samples for GC/MS analysis in a double-wall and thermostated glass reactor equipped with a Teflon lid. The mixture was magnetically stirred. 2 ml samples were withdrawn (equivalent to 0.067 mg of adlerone initially present) at different times, neutralized with 10% of acetic acid (99.85%, purchased from Sigma-Aldrich, Finland), and extracted twice with diethyl ether (99.9%, purchased from VWR International, France) (3 ml). The extracts were then dried in vacuum. An internal standard (0.058 mg of adlerol in 1 ml of pyridine, 99.9%, purchased from Sigma Aldrich, Finland) was added to the dried sample. The solutions were then trimethylsilylated by adding 0.25 ml of a mixture of bis(trimethylsilyl)trifluoroacetamide (95%) and trimethylchlorosilane (5%) (Sigma Aldrich, MO, USA) and mixing the vials for at least 1 h at room temperature.
A Shimadzu Gas Chromatograph GC-2010 PLUS (Shimadzu Corp., Kyoto, Japan) equipped with an HP-5 column (Agilent Technologies, USA) (25 m, 0.30 mm ID) was applied. Temperature program: 2 min at 50°C, 2°C min -1 to 280°C, and 2 min at 280°C. Approximately, 1 μl of the sample was injected (split injection mode at 260°C). H 2 was the carrier gas (1 ml min -1 ); FID temperature: 290°C.
MS instrument applied: Thermo
Scientific ISQ series single quadrupole mass spectrometer coupled with a Trace 1300 GC instrument described by Tarvo et al. (2009) and Lehtimaa et al. (2008 Lehtimaa et al. ( , 2010 . The rate parameters (k, rate coefficient; E a , energy of activation) were fitted against the concentration data of 2b recorded in the kinetic experiments. The Kinfit software optimizes parameters by varying parameter values until the deviation between the measured and computed value for concentration of component 2b is minimized. The reactions were then simulated with Flowbat (Jakobson and Aittamaa 2015a) software according the obtained kinetic parameters (see Figures 3a, 4a , and 5a).
Results and discussion

Reaction of adlerone with hydroxyl ion
The kinetics of reaction of adlerone with NaOH was followed by UV-Vis spectroscopy and absorption values equipped with a TR-5MS column (Thermo Fisher Scientific, MA, USA) (25 m, 0.25 mm ID). Carrier gas: He (1.2 ml min Figure 1: Reaction of adlerone (1) with sodium hydroxide leads to formation of product of formaldehyde elimination (2a) and β-elimination product (2b). Reaction of β-elimination product (2b) with sulfide (3a) and sulfite (3b) ions leads to cleavage of β-ether bond. (A) were increasing between 325-375 nm with time. The A 350 nm approached exponentially to its maximum. This is indicative of formation of the β-elimination product 2b, in which the aromatic ring is conjugated with the formed C = C double bond (Figures 1 and 2a ) (Gierer and Ljunggren 1979a) . The reaction between 1 and 2b is reversible, however, the forward reaction is much faster and the equilibrium favors to formation of 2b. The equilibrium between 1 and 2b and the ionization equilibrium of 1 were included in the kinetic model for calculating the kinetic parameters for formation of 2a.
The extent of the reaction and the reaction products were analyzed by GC/MS. The trimethylsilyl derivative of pure adlerone, ArCOCH(OAr′)CH 2 OTMS, was eluted at 97.44 min and its mass spectrum had characteristic ions at m/z 404 (M), 281 (M-OAr′) and 123 (OAr′). With increasing reaction time, the GC peak of adlerone disappeared. New peaks were emerged at retention times (RTs) of 87.86 and 91.97 min. The first one is the reversed aldol reaction product 2a (ArCOCH 2 OAr′), which is formed from adlerone through liberation of formaldehyde. For this product, the ions at m/z 302 (M) and 165 (ArCO) are characteristic. The second and the main product was the expected to be the β-elimination product 2b (ArCOC(OAr′)CH 2 ), which was characterized by ions at m/z 314 (M), 165 (ArCO), and 107 (Ar). The relative amounts of the two products depended mainly on the OH ion concentration.
Fitting the kinetic parameters based on all experimental data (both reagent concentration and temperature varied) resulted in good correlation with experiments and rather narrow confidence limits (95%) and supported the assumed 2 nd order reaction between adlerone and OH -( Figure 3a) .
Reaction of the β-elimination product with SH and OH ions
The reaction of 2b in presence of SH -was then followed by observing the decay of A 350 nm (Figure 2b (Table 2) . When all experimental data are included into the parameter optimization and a 2 nd order reaction between adlerone and OH -was assumed, the resulting activation energy (69.1±4.3 kJ mol -1 ) was somewhat lower than that published by Miksche (1975) of SH -into the solution of 2b. In the end of the reaction, the formaldehyde elimination product 2a (RT 87.88) and 2b (RT 91.98) were detected in trace amounts only. The primary addition product ArCOCH(OAr′)CH 2 SH was not detected at all by GC/MS. The episulfide 3a was neither detected, as it is very reactive and was rapidly converted through nucleophilic addition of OH -or elimination of sulfur. In fact, all the isomeric forms of elementary sulfur from S 5 to S 8 were present in the reaction mixture (RT from 45.05 to 73.59 min in GC). The results are presented in Figure 4 and (Table 3) .
According to our own results and those of Gierer and Ljunggren (1980) , formation and degradation of the β-elimination product 2b in presence of OH and SH ions follow a multi-step reaction mechanism (Figure 1) . Formation of 2b from adlerone is reversible, however, the forward reaction is much faster and the equilibrium favors 2b ([2b] > > [1]). The extent of ionization of 1 is defined by its ionization constant K ion that equals to the ratio of the acid dissociation constant K a and the ion product of water (K w ):
The total concentration of adlerone, [1] tot , equals to the sum of the concentrations of the undissociated (1) and ionized (1i) forms of adlerone:
The overall rate of formation and degradation of 2b in aqueous mixtures of OH -and SH -, can be expressed by Eq. 5, because 2a and 2b are formed through an intramolecular reaction of 1i and an intermolecular reaction between 1 and OH -, respectively, and because 2b is additionally degraded in an intermolecular reaction with SH -(reaction 3, Figure 1 ).
[
Although the degradation of 2b at low [HO - ] could be explained by the reaction with SH -alone, the degradation of 1i was dominant at high [HO - ] (Table 3) . Fitting the kinetic parameters based on all experimental data (both reagent concentration and temperature varied) resulted in good correlation with experiments and rather narrow confidence limits (95%) and this supports the assumed reaction mechanism and influence of competing reaction. As visible in Table 3 (Figure 4b) .
Reaction of the β-elimination product with SO 3 and OH ions
The reaction of SO 3 2-with the β-elimination product 2b was followed in the same way as described for SH -above. In this case, the [OH - ] was kept constant (0.05 M) in all experiments. The absorbance of the β-elimination product 2b at 350 nm decreased exponentially with reaction time (Figure 5a ). In the GC/MS analysis of the reaction mixture, the adlerone peak disappeared and the guaiacol peak at 26.9 min, characterized by ions at m/z 196 (M), 181 (M-CH 3 ), 123 (M-Si(CH 3 ) 3 ), and 73 (Si(CH 3 ) 3 ), was detected as evidence on the β-ether bond cleavage. The peaks corresponding to products 2b (RT 87.88 min) and 2a (RT 91.98 min) were detected in trace amounts. The results are listed in Table 4 . Based on the knowledge concerning the formation of products, the overall rate for formation and degradation of product 2b with OH -and SO 3 2-can be written in a similar way as for the behavior of product 2b under kraft pulping conditions: 
The results are presented in Table 4 . The reaction rate is plotted against the [SO 3
2-] at different temperatures in Figure 5b . The observed linear dependence confirms the reaction mechanism presented in Eq. 6.
Conclusions
The results of this work provide new insight on the cleavage kinetics of β-aryl ether bonds in α-carbonyl containing non-phenolic lignin structures by hydrogen sulfide and sulfite ions. The reaction kinetics were studied separately for the two elementary reactions involved: (1) initial OH ion catalyzed β-elimination of γ-hydroxyl group and (2) the secondary degradation of the β-elimination product was catalyzed by SH -and SO 3 2-. The kinetics of the secondary reactions has not been reported earlier. The GC/MS data support the reaction scheme proposed earlier. The content of α-carbonyl groups in wood is low; however this work shows the role of the elevated amount of carbonyl groups in wood lignin, which may enhance the speed of pulping process in presence of common pulping nucleophiles. Moreover, the data presented here may form the basis for a simulation of the reactions of non-phenolic lignin with α-carbonyl group functionality in presence of hydroxyl, hydrogen sulfide and sulfite ions.
